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This paper presents an experimental study to evaluate the synergistic effects of principal stress axis rotation and change in water content on the
mechanical behavior of granular roadbed subjected to cyclic moving wheel loads. Two types of small scale model tests and laboratory element
tests, in which a single-point loading method and a moving-wheel loading method were adopted, were mainly performed with a base course
material under air-dried condition and saturated condition. Based on the test results, the applicability of a multi-ring shear test, which is a
torsional simple shear test, to an element test of granular base course materials subjected to moving wheel loads, and the inﬂuence of water
content and moving-wheel loads on the deformation–strength characteristics of granular roadbed were examined. The results indicate that the
multi-ring shear test has excellent applicability to the estimation of deformation behavior of granular base course materials subjected to repeated
moving-wheel loads. Besides, it was revealed that residual settlement of submerged granular roadbed is more likely to increase with the repetition
of moving-wheel loads than that of air-dried one and under single-point loading, showing that the difference in the loading method and water
content has a considerable inﬂuence on the cyclic plastic deformation of granular roadbed. These lead to the conclusion that for the precise
prediction of the long-term performance of granular roadbed under cyclic moving-wheel loads, it is important to take into account the synergistic
effects of principal stress axis rotation and change in water content on the cyclic plastic deformation characteristics of granular base course
materials.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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In general, granular roadbed at road and railway subjected to
trafﬁc loads gradually loses functions as a structural component of
transportation facility, which should be normally maintained in
service, with repeated vehicle passages. Therefore, the periodic0.1016/j.sandf.2015.02.002
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der responsibility of The Japanese Geotechnical Society.maintenance activities of roads and railways is required to ensure
riding quality and safety. Faced with dwindling public works
expenditure and a serious reduction in the Japanese workforce in
recent years, besides an urgent need for the development of
maintenance-free public transportation infrastructure, efﬁcient
maintenance methods for transportation networks need to be
established. Hence, the importance of researching the cumulative
irreversible (plastic) deformation characteristics of granular roadbed
under a moving wheel load, has been growing.
There are two main research and development tasks in terms
of geotechnical engineering: to determine the effect of
principal stress axis rotation, and to determine the effect ofElsevier B.V. All rights reserved.
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importance of principal stress axis rotation caused by
moving-wheel loading on the performance of pavement and
railway track (Chan and Brown, 1994; Brown, 1996; Lekarp
et al., 2000a, 2000b; Burrow et al., 2005; Momoya et al., 2005,
2007; Kim and Tutumluer, 2005; Powrie et al., 2008; Gräbe
and Clayton, 2009; Maheshwari and Khatri, 2012). Accord-
ingly, a testing device has been developed for measuring the
moving-wheel loading, which involves a wheel with a constant
vertical load traveling on a granular roadbed like actual trafﬁc
loading. A multi-ring shear apparatus was developed to
evaluate the effects of moving wheel loads on the cyclic
plastic deformation of granular materials (Ishikawa et al.,
2007). It has been shown that moving-wheel loading results
in more cumulative residual settlement of granular roadbed
than single-point loading, which applies pulsating compression
vertical loads to a cross section of model roadbed, and other
major effects of moving wheel loads on the cyclic plastic
deformation have also been understood (Ishikawa et al., 2011).
However, since the two studies which came to these conclu-
sions (Ishikawa et al., 2007, 2011) were based on test results
obtained under a limited experimental condition, namely the
air-dried condition only, the effects of moving wheel loads on
the mechanical behavior of actual granular roadbed subjected
to rain, freeze-thaw, rising underground water levels and other
changes in water content need to be investigated.
There have been a number of studies on the effect of water
content on the mechanical behavior of granular roadbed in the
ﬁeld of highway engineering and railway engineering (e.g.
Coronado et al., 2005; Ekblad and Isacsson, 2008; Inam et al.,
2012; Trinh et al., 2012; Duong et al., 2013). For example,
Coronado et al. (2005) and Ekblad and Isacsson (2008)
reported that the amount of deformation modulus decreases
with the increment of water content. However, since most of
these tests employ cyclic triaxial compression tests under
constant conﬁning pressure in which the principal stress axes
never rotate throughout the test, the above-mentioned conven-
tional laboratory element tests are not appropriate for simulat-
ing the actual stress states inside substructures under moving
wheel loads. Recently, Inam et al. (2012) revealed that the
principal stress axis rotation has a signiﬁcant inﬂuence on the
cyclic plastic deformation of unsaturated granular base course
material by performing multi-ring shear tests under various
water content conditions. Unfortunately, however, they failed
to grasp the relationship between results of the laboratory
element tests and the real phenomena, and to clarify the role ofTable 1
Physical properties of test materials.
Name Maximum dry density
ρdmax
a (g/cm3)
Optimum water
content wopt
a (%)
Fine fraction
content Fc (%)
Plastic
Index
C-40 2.070 8.2 5.20 NP
C-9.5 1.775 9.5 0.00 NP
aResults determined by the E-b method for C-40 and A-b method for C-9.5 of
bResults determined by JGS 0162-2009.
cResults determined by JIS A 1224: 2009.pore water in the cyclic plastic deformation of gravel subjected
to moving loads. Thus, we can suggest that the mechanical
behavior of wet granular materials subjected to moving wheel
loads has yet to be sufﬁciently elucidated.
This paper presents an experimental study designed to
evaluate the mechanical behavior of submerged and air-dried
granular roadbed subjected to moving wheel loads. By taking
the synergistic effects of principal stress axis rotation and
change in water content into account, a more realistic approach
to the experimental conditions has been taken than those
featured in past investigations. In this study, a series of small
scale model tests and laboratory element tests were performed
with coarse granular materials under air-dried and submerged
conditions. First, to understand the mechanical behavior of wet
granular roadbed under moving wheel loads, four types of
small scale model tests with differerent loading methods were
performed. Next, to examine the deformation–strength char-
acteristics of wet granular material subjected to the rotation of
principal stress axes, ﬁve types of multi-ring shear tests which
correspond to the loading method in the small scale model
tests were performed. Based on these test results, the effects of
water content on the cyclic plastic deformation of granular
roadbed were evaluated by comparing the test results under the
air-dried and submerged conditions, and then, a method was
developed for evaluating the mechanical properties of granular
roadbed under trafﬁc loads.
2. Soil samples
2.1. Material property
Test materials are natural crusher-run made from the
andesite used in Japanese roads as a base course material.
Two types of test samples with different mean grain sizes were
employed in this study. The physical properties and gradation
curves for the test samples are shown in Table 1 and Fig. 1,
respectively. The grading of actual crusher-run has a grain size
distribution between approximately 40 mm and 0 mm. Accord-
ingly, one test sample is actual crusher-run, and the other is a
similar grading gravel with approximately one-fourth the mean
grain size of the original crusher-run. Gravel is produced by
screening out particles larger than 9.5 mm and ﬁner than
0.075 mm in grain size from original crusher-run. Here, the
term “C-40” and “C-9.5” are used to refer to natural crusher-
run and natural gravel, respectively. Crusher-run (C-40)
was employed in the small scale model tests, while the gravelity
PI
Soil particle density
ρs (g/cm
3)
Maximum dry density
ρdmax (g/cm
3)
Minimum dry density
ρdmin (g/cm
3)
2.720 2.270b 1.680b
2.675 1.730c 1.480c
JIS A 1210: 2009.
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Fig. 2. CBR test results of crusher-run and gravel.
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Fig. 3. Soil–water characteristic curves for test materials.
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experimental accuracy with regard to the ratio of maximum
particle size versus specimen size. The maximum and mini-
mum dry densities (ρdmax, ρdmin) of crusher-run and gravel
were determined based on the test method for minimum and
maximum densities of gravels (Japanese Geotechnical Society
Standard JGS 0162-2009) and the test method for minimum
and maximum densities of sands (Japanese Industrial
Standards JIS A1224:2009), respectively. It should be noted
that the results of CBR tests (JIS A1211:2009) on air-dried
crusher-run and gravel under the same relative density
conﬁrmed that two materials have similar mechanical proper-
ties (Fig. 2).2.2. Soil–water characteristic curve
Water retention tests as per Japanese standard (JGS 0151-
2009) on crusher-run and gravel were carried out using a
medium-size triaxial apparatus (Ishikawa et al., 2012) to
determine the soil–water characteristic curve (SWCC) of
unsaturated coarse-grained soils. A cylindrical specimen
(300 mm in height and 150 mm in diameter) of crusher-run
or gravel was prepared in triaxial apparatus to ensure the dry
density after consolidation was the same as that for the small
scale model tests and multi-ring shear tests carried out in thisstudy. Subsequently, de-aired water was permeated into the
specimen until the degree of saturation reached 85% or over,
and the specimen was isotropically consolidated under a net
normal stress (σnet) of 49.0 kPa in the fully drained condition
by applying a conﬁning pressure (σc) of 249 kPa, pore air
pressure (ua) of 200 kPa and pore water pressure (uw) of
200 kPa. After isotropically consolidating the samples, the
drying curve of a soil–water characteristic curve (SWCC) was
obtained by decreasing uw in steps while keeping both σc and
ua constant, that is, by applying a higher matric suction (s) to
the specimen. Here, the s is deﬁned as s¼uauw. An increase
in s causes the drainage of pore water from the specimen.
Upon attaining an equilibrium condition, that is when the
drainage has stopped, the change in water content during each
increment of matric suction was measured. The above-
described procedure was then repeated for higher values of
matric suction until the desired range of the drying curve was
obtained.
Fig. 3 shows soil–water characteristic curves (SWCCs)
during the drying process of water retentivity tests on C-40
and C-9.5 materials, in comparison with SWCC of the
Japanese standard sand (Toyoura sand). SWCCs of both
materials differ from SWCC of Toyoura sand in that the
boundary effect area and the air entry values of coarse-grained
materials are not recognized clearly at low suction ranges.
Moreover, a difference was found in the whole range of the
degree of saturation (Sr) where the matric suction (s) appears in
three types of geomaterials, and especially in the residual
degree of saturation. In general, the water retentivity depends
on the grain size distribution, and void ratio. For example,
Zapata et al. (2000) showed that for soils with a Plasticity
Index equal to zero (non-plastic soils), the SWCC can be
estimated from the grain diameter (D60) corresponding to 60%
passing in the grain size distribution curve and that the smaller
the D60 is, the higher the water retentivity gets. Accordingly,
the above-mentioned difference in SWCC can be attributed to
the difference in grain size distribution, ﬁnes content and
density, as shown in Table 1 and Fig. 1.
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In this study, we performed four types of small scale model
tests on granular roadbed with different loading methods; a
moving-wheel cyclic loading test (MWCL), a single-point
cyclic loading test (SPCL), a bearing capacity test, and a creep
test. Table 2 summarizes the experimental conditions of all
tests performed in this study.Fig. 4. Moving constant loading test apparatus.
3.1. Test equipment
Fig. 4 shows a general test arrangement of moving-wheel
loading test. The test equipment for moving-wheel loading
consists of a loading device, which can apply the speciﬁed
vertical load to model roadbed by an electro-pneumatic
actuator, and a rigid soil container (1.2 m wide, 0.3 m deep
and 0.6 m high). As the loading device with a wheel 200 mm
in diameter and 270 mm in depth moves back and forth with
the rotation of the servo motor, controlling the rotation of the
servo motor allows the speed of the loading wheel to be
altered. The loading wheel, which can rotate freely during the
movement, is wrapped in a 5-mm-thick rubber casing in order
to keep the applied load as constant as possible. In addition,
a footing can be attached to the loading device instead of the
loading wheel. The soil container can be permeated by water
via supply and drainage holes in the base, and the front side is
ﬁtted with a transparent acrylic panel to allow deformation of
model roadbed to be observed.Table 2
Experimental conditions performed in small scale model tests.
Test name Loading
method
State of
specimena
Initial dry
density,
ρd0 (g/cm
3)
Vertical load,
Pb (kN)
Loading
time/ratec
Moving-
wheel
loading
Loading
wheel
Air-dried 1.840 2.23 200 cycles
Moving-
wheel
loading
Loading
wheel
Submerged 1.880 2.23 200 cycles
Single-point
loading
Loading
wheel
Air-dried 1.840 2.23 200 cycles
Single-point
loading
Loading
wheel
Submerged 1.880 2.23 200 cycles
Creep Loading
wheel
Air-dried 1.840 2.23 25,000 s
Creep Loading
wheel
Submerged 1.870 2.23 25,000 s
Bearing
capacity
Footing Air-dried 1.840 5.58 0.07 kN/s
Bearing
capacity
Footing Submerged 1.870 5.58 0.07 kN/s
aAverage water content: w¼1.2% for air-dried condition, w¼11.5% for
submerged condition.
bP: constant load at moving-wheel loading test; maximum load at single-
point loading, creep, and bearing capacity tests.
cNumber of loading cycles for moving-wheel and single-point loading tests;
duration for creep tests; loading speed for bearing capacity tests.The measurement employs ﬁve types of sensors, namely
displacement transducer, two-component loadcell, earth pres-
sure gauge, pore pressure transducer and soil moisture meter,
as shown in Fig. 4. To roughly measure the pressure applied to
granular roadbed, a two-component loadcell (Tatsuoka, 1988)
which could measure both the normal and shear components of
the reaction force separately was installed to the loading rod.
Besides, a displacement transducer located on the loading
wheel was employed to measure the settlement at the roadbed
surface on which the loading wheel stands during cyclic
loading. In addition, the roadbed pressure and the pore water
pressure were measured with an earth pressure gauge and a
pore pressure transducer located on the center of subgrade
surface, and the volumetric water content was measured with a
soil moisture meter at the end of subgrade surface. Measure-
ments were taken at intervals of 0.1 s, and all the data were
recorded and stored in a computer through all test stages.
3.2. Preparation of test specimens
In this study, a series of small scale model tests were
performed for air-dried and submerged granular roadbed.
Model roadbed under air-dried condition was produced as
follows. A depth over 500 mm of air-dried crusher-run was
placed within a rigid soil container (1.2 m wide, 0.3 m deep
and 0.6 m high), and repeatedly compacted by tamping every
layer of 50 mm in height with a wooden rammer to provide
constant compaction energy until the degree of compaction for
model roadbed reached 90% (initial dry density ρd0¼1.86 g/cm3,
relative density Dr¼37.4% for C-40). Note that the maximum
dry density (ρdmax) and optimum water content (wopt), shown
in Table 1, were determined based on the test method for soil
compaction using a rammer (JIS A 1210: 2009). To smooth
the edge face of model roadbed, crusher-run smaller than
9.5 mm in grain size was then spread across the upper surface
to a thickness of about 10 mm, and rolling compaction was
conducted by a loading wheel with constant vertical load equal
to 1.0 kN. Here, a rigid steel plate was selected for the
subgrade in order to prevent the stone particles from pene-
trating the subgrade and to examine the behavior of the
model roadbed by considering it as a single-layer structure
for the simpliﬁcation of the experimental condition, and porous
stones were placed on the subgrade surface to increase the
surface-roughness between the roadbed and subgrade.
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strain state and the longitudinal section can be assumed to
inﬁnitely continue, a friction reduction layer composed of
silicone grease and a transparent ﬁlm was inserted between the
side panels of soil container and model roadbed. To achieve a
model roadbed under the submerged condition after the
production of air-dried model roadbed mentioned above, water
was permeated at a rate sufﬁciently low enough to not disturb
the model roadbed via piping and keeping a ground water level
of 400 mm from the bottom of granular roadbed for 96 h. The
degree of saturation (Sr) calculated by the measured value of a226mm 226mm
Subbase course 
(Granular roadbed)
320mm
49kN
E = 6000MPa
h = 50cm
h = ∞
Point A
E = 200MPa
μ = 0.35
E = 30MPa
μ = 0.40
h = 12cm
Subgrade
μ = 0.35Asphalt mixture
Fig. 5. Numerical model of a Japanese pavement structure.
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Fig. 6. Loading patterns of small scale model tests. (a) moving-wheel loading tesoil moisture meter after the submergence was a little under
70%. It should be noted that the Sr of the model roadbed under
the air-dried condition was a little under 10%. According to
SWCC of crusher-run in Fig. 3, suction of submerged roadbed
was almost equal to zero. Note that the model roadbed was
kept under the air-dried condition or under the submerged
condition throughout the loading test, and the Sr values were
almost constant.3.3. Experimental plans for granular roadbed
In a moving-wheel loading test, cyclic loading was per-
formed by a loading wheel as follows. Before the test, the
vertical pressure of 114.2 kPa loaded on the roadbed surface
just beneath the wheel (point A in Fig. 5) was estimated by
performing a numerical analysis of a Japanese paved road
under a standard wheel load of 49 kN as shown in Fig. 5 with
GAMES (General Analysis of Multi-layered Elastic Systems,
Maina and Matsui, 2004). Note that the analytical input
parameters such as elastic modulus (E) and Poisson's ratio
(ν) were set by referring to common design values used in the
Japanese theoretical design method for asphalt pavements
(Pavement design manual, Japanese Road Association 2006).
Based on the analysis, the constant vertical load (Pmax) of a
loading wheel was calculated to be 2.23 kN by multiplying theV
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st, (b) single-point loading test, (c) bearing capacity test and (d) creep test.
Fig. 8. Vertical strain during cyclic loading in moving-wheel loading tests of
granular roadbed.
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mm) of the wheel. Subsequently, a loading wheel with a given
constant vertical load (Pmax) cyclically traveled on the surface
of granular roadbed at a constant speed of 384.0 mm/min over
an 800 mm span centered around the middle of the roadbed to
simulate trafﬁc loads, and makes 100 round trips (number of
loading cycles, Nc¼200 cycles). However, due to hardware
constraints, the running speed of the loading wheel adopted for
this test was much lower than the actual running speed of
vehicles. It should be noted that even though only the vertical
load was unidirectionally applied to the loading wheel in this
study, the shear force caused by the kinematic friction between
the surfaces of loading wheel and granular roadbed was
measured by a two-component loadcell (Fig. 4) and the values
were almost one-tenth of vertical load, regardless of the water
content. Note that vertical loads applied to the wheel were
increased up to the prescribed Pmax step by step while running
the wheel as shown in Fig. 6(a) to ensure that granular roadbed
would not settle unevenly at the early stage of cyclic loading.
In a single-point loading test, the general test arrangement
was the same as that of moving-wheel loading test, while the
loading method was as follows. Pulsating compression vertical
loads (P) ranged from 0.10 to 2.23 kN were cyclically applied
through a loading wheel to the center of a granular roadbed.
A sinusoidal loading waveform was employed, and the vertical
load was increased step by step at the preliminary stage of
cyclic loading so that the maximum vertical load was
equivalent to the constant vertical load (Pmax) in the moving-
wheel loading test (Fig. 6(b)). Considering the running speed
of a loading wheel in moving-wheel loading tests, a total of
200 loading cycles (Nc) was adopted with a loading frequency
of 0.02 Hz.
Bearing capacity tests of the granular roadbed were per-
formed as follows. A vertical load (P) was applied to the center
of granular roadbed through a footing (72 mm wide, 270 mm
deep) with the base area equal to the contact area of a loading
wheel under the vertical load of 2.23 kN, instead of a loading
wheel, and was gradually increased from 0.10 kN to 5.58 kN
at a constant loading speed of 0.07 kN/s, regarded as static
loading. Moreover, stage loading (ﬁve increments of P¼1.12,
2.23, 3.35, 4.46, 5.58 kN) in agreement with the preliminary
stage of the single-point loading tests were adopted, as shown
in Fig. 6(c) pursuant to a plate loading test (JGS 1521-2003).-400 -300 -200 -100 0 100 200 300 400
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Fig. 7. Relationship between vertical pressure on subgrade surface and loading wheel pFurthermore, in the creep test, following stage loading up to a
vertical load of P¼2.23 kN, the vertical load was held
constant for the same 25,000 s as the loading time for a
moving-wheel loading test (Fig. 6(d)).4. Behavior of granular roadbed under various loading
methods
4.1. Behavior during moving-wheel loading tests
Fig. 7 shows a typical relationship at the number of loading
cycles (Nc) of 1, 2, 200 cycles between the vertical pressure
(Pv) measured at the center of subgrade surface and the
position of a loading wheel in the moving-wheel loading tests
for air-dried and submerged C-40 roadbeds. Here, the arrow in
the ﬁgure designates the direction of movement of the loading
wheel. The vertical pressure varies with the loading wheel
motion between a minimum pressure when the wheel is at the
edge of model roadbed, and a maximum with the loading
wheel just above the earth pressure gauge. This indicates that
the maximum vertical stress applied to granular roadbed is
generated when the loading wheel is just above the measuring
point, and the minimum vertical stress means unloading states
as a loading wheel is far beyond the measuring point.
However, the ﬁgures also suggest that the difference in water
content and number of loading cycle has little effect on the
stress history of vertical pressure in the granular roadbed, and
the Pv value was nearly equal to the vertical stress calculated
by numerical simulation of the moving-wheel loading test with-400 -300 -200 -100 0 100 200 300 400
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Fig. 10. Vertical strain during cyclic loading in single-point loading tests of
granular roadbed.
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pressure (u) measured at the center of subgrade surface in
the moving-wheel loading test under submerged condition was
almost constant throughout the test regardless of the position
of the loading wheel and the number of loading cycles, and
was close to the hydrostatic pressure. These results indicate
that the excess pore water pressure generated during loading
was immediately dissipated due to the slow moving speed of
the loading wheel, and thereby the moving-wheel loading test
under submerged condition can be considered to have been
performed under drain condition.
Fig. 8 shows the relationships between the maximum
vertical strain (εmax) at the maximum vertical pressure during
a loading cycle and the number of loading cycles (Nc) by
comparing the curve of air-dried roadbed with that of
submerged one. Here, the vertical displacement (dv) and
vertical strain (ε) given for the moving-wheel loading test
are deﬁned as follows. First, prior to the test a loading wheel
with a given vertical wheel load of 0.1 kN was run and the
resulting height of model roadbed was regarded as the initial
height at the loading wheel position. Next, the vertical
displacement (dv) was obtained by subtracting the average
height under the speciﬁed vertical wheel load of 2.23 kN from
the average initial height, and the vertical strain (ε) was
calculated by dividing the vertical displacement (dv) by the
average initial height. Note that the deformation of the rubber
casing around the loading wheel was subtracted. The max-
imum vertical strain (εmax) increases slowly with increasing Nc
after the exponential increment at the early stages of cyclic
loading, and the rate of increase decreases with the increment
of Nc. Moreover, for the same number of loading cycles, the
permanent settlement of submerged roadbed is more likely to
increase with the repetition of loads than that of air-dried
roadbed. This result indicates that a difference in water content
of granular roadbed noticeably inﬂuences the development of
residual settlement under cyclic loading in moving-wheel
loading tests.
4.2. Behavior during single-point loading tests
Fig. 9 shows the relationships between the vertical load (P)
at the loading wheel position and vertical strain (ε) in
the single-point loading tests for air-dried and submergedFig. 9. Load–displacement relationship during cyclic loading in single-point loading
condition (w=11.5%).conditions. Irrespective of the water content, cyclic loading
causes plastic deformation in the model roadbed, with the area
of the hysteresis-loops reducing with increased number of
loading cycles and the deformation characteristics gradually
becoming elastic and constant. Besides, for plots with the same
loading cycle and the same load level, the vertical strain for the
submerged roadbed is larger than that for air-dried roadbed.
Fig. 10 shows the relationship between the maximum
vertical strain (εmax) at the maximum vertical pressure during
a loading cycle, the minimum vertical strain (εmin) at unloading
and the number of loading cycles (Nc) by comparing the curve
of air-dried roadbed with that of the submerged roadbed. Note
that the vertical strain (ε) of single-point cyclic loading tests is
a kind of macro strain calculated by dividing the cumulative
settlement at the roadbed surface on the loading point by the
initial height of model roadbed, and εmin represents the
cumulative residual vertical strain. The results of single-point
loading tests are similar in the increasing tendencies of the
vertical strain with an increase in Nc to those of moving-wheel
loading tests. Moreover, the result that the strain amplitude
(εmax–εmin) is almost constant regardless of Nc indicates that
the increase of εmax mainly originates in the permanent
settlement of granular roadbed. Note that the strain amplitude
(εmax–εmin) is actually the resilient (elastic) strain used to
compute the resilient modulus. Besides, the permanent settle-
ment of submerged roadbed is larger than that of air-dried
roadbed in the same way as moving-wheel loading tests.
However, for plots with the same loading cycle, the amount of
cumulative permanent settlement caused by single-point loading
is much smaller than the one caused by moving-wheel loading,tests of granular roadbed. (a) air-dried condition (w=1.2%) and (b) submerged
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be discerned clearly in the single-point loading tests.
From these results, it is conﬁrmed that more increase in the
residual settlement of the submerged granular roadbed occurs
with the repetition of moving-wheel loads than in the air-dried
granular roadbed under single-point loading. This indicates
that the difference in loading methods has a considerable
inﬂuence on the cyclic plastic deformation of the granular
roadbed, and that the effect of the water content of base course
materials on the development of residual settlement of the
granular roadbed is more evident with moving-wheel loading.Fig. 12. Comparison of creep behavior of granular roadbed under different
water contents.
Fig. 13. Multi-ring shear apparatus.4.3. Behavior during bearing capacity and creep tests
Fig. 11 shows the relationship between vertical load (P) and
vertical strain (ε) at the center of the footing surface in the
bearing capacity tests for the air-dried and submerged condi-
tions. Note that for the purposes of this paper, the bearing
capacity of granular roadbed can be deﬁned as the vertical
displacement at a maximum vertical load of 5.58 kN. Accord-
ingly, a granular roadbed is considered to have a stronger
bearing capacity when a smaller vertical strain is obtained at
P¼5.58 kN. The vertical strain at loading and the residual
vertical strain at unloading increases with the vertical load, and
at the same load level, the vertical strain was larger for the
submerged granular roadbed than the air-dried one at any
vertical load. This was also the case for the single-point
loading test. From Fig. 11, it is clearly shown that the bearing
capacity of the submerged granular roadbed is lower than that
of air-dried granular roadbed. These results indicate that the
water content of the base course materials has considerable
inﬂuence on the bearing capacity of the granular roadbed.
Fig. 12 shows the relationship of vertical strain (ε) at the
loading wheel position against loading time (t) in the creep test
for air-dried and submerged conditions. Note that the loading
time (t) was measured from the start of the test. Though the
vertical strain increased with the increment of the vertical load
under stage loading up to P¼2.23 kN, after it is held constant
at P¼2.23 kN, the vertical strain tends to converge to a
constant value over time despite the slight increase at the initial
part of constant loading. Furthermore, although very little
qualitative inﬂuence of water content on the creep behavior0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 11. Comparison of bearing capacity of granular roadbed under different
water contents.can be observed, the submerged roadbed showed a greater
vertical strain than the air-dried roadbed for plots with the
same loading time. Besides, a comparison with the single-point
loading test indicates that cyclic loading results in a greater
vertical strain than constant loading with the same loading time
as cyclic loading.5. Multi-ring shear test on granular material
In order to examine the synergistic effects of principal stress
axis rotation and water content on the mechanical behavior of
granular materials, a series of monotonic loading and cyclic
loading multi-ring shear tests which correspond to the above-
mentioned small scale model tests of granular roadbed were
individually performed using the multi-ring shear apparatus for
the two types of gravel under the air-dried and submerged
conditions. These laboratory element tests and their results are
explained below.
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Fig. 13 shows a schematic diagram of the multi-ring shear
apparatus, which allows for a torsional simple shear test of
gravels. A feature of the multi-ring shear apparatus is that it
can evaluate the effect of a continuous principal stress axis
rotation under shearing on the deformation–strength character-
istics of granular materials. Torsion can be loaded to a
specimen conﬁned with a bottom plate, a loading plate, inside
rings and outside rings by a direct drive motor (DDM) for
torque loading installed on the bottom plate while the loading
plate is held ﬁxed. In addition, vertical loads can be applied to
a specimen by a DDM for vertical loading mounted on the
loading plate. To minimalize the friction between the specimen
and rings, the structure of inside and outside rings was
designed so each of the rings could move freely through
loading. The width of a hollow cylindrical specimen is 60 mm
(120 mm in the inside diameter, 240 mm in outside diameter),
and the height is changeable within the range from 40 mm to
100 mm by altering the number of rings (each ring is 20 mm in
height). In this study, the initial height of the specimen was set
equal to 60 mm. Note that due to the constraint of specimen
size, only gravel (C-9.5) with a maximum grain size (Dmax) of
9.5 mm could be employed in the multi-ring shear apparatus.
The terms regarding size, load, stress and strain used in the
multi-ring shear test are deﬁned in Fig. 14. During a multi-ring
shear test, we measured the axial stress (σa), axial strain (εa),
shear stress (τaθ), and shear strain (γaθ) of the specimen. Note
that the lateral pressure (σr) could not be measured in this
study. This is because the measured value of σr with four small
pressure gauges installed in the inside and outside rings varied
widely due to the point contact between gravel particles and
pressure sensors, leading us to conclude that there was a
problem with regard to measurement precision.Fig. 14. Deﬁnition of stress and deformation. φ, rotational angle of principal
stress (major, σ1; intermediate, σ2; minor, σ3); subscript o of ϕ refers to the
outside diameter and subscript i refers to the inside diameter.5.2. Preparation of test specimens
Air-dried specimens for the multi-ring shear tests were
prepared as follows. Air-dried gravels were placed between
the inner and outer rings, and tamped at every layer (30 mm in
height) to give a constant compaction energy until the relative
density of specimens in multi-ring shear tests was close to that
of the model roadbed in the previous chapter. Because the ﬁnes
fraction which went into the gap (0.2 mm in height) between
rings of the multi-ring shear apparatus may negatively affect
the movement of the rings, gravel with 0.075 mm ﬁner
particles screened out was used, as shown in Fig. 1. Moreover,
a submerged specimen was achieved by permeating water
through the air-dried specimen from the side at a rate
sufﬁciently low enough to not disturb the specimen, and the
specimen was soaked in water for 96 h or more before loading.
According to a preliminary test conducted with a small mold
under similar experimental conditions to multi-ring shear tests,
the degree of saturation (Sr) after submergence was a little
under 90%. The Sr of air-dried specimens was a little under
5%. From Fig. 3, it is recognized that suction of submerged
specimens is almost equal to zero. The specimens were kept
throughout the test under air-dried condition or submerged
condition (ﬁeld saturated condition), and the Sr values were
almost constant. Table 3 summarizes the experimental condi-
tions of all tests performed in this study.
5.3. Test procedures
Three types of monotonic loading tests, namely a monotonic
shear test, bearing capacity test, and creep test, were performed
under the consolidated-drained condition as follows. In the
monotonic shear test, after consolidating a specimen one-
dimensionally under speciﬁed axial stress (σa) of 114.2 kPa or
80.0 kPa, the shear stress (τaθ) was monotonously increased at
the constant shear strain rate of 0.1%/min while keeping σa
constant. In the bearing capacity test, stage loading (ﬁve
increments of σa¼57.1, 114.2, 171.3, 228.4, 285.5 kPa) under
a loading rate of 3.8 kPa/s was adopted corresponding to the
above-mentioned bearing capacity tests of granular roadbed.
Furthermore, in the creep test, following stage loading up to
σa¼114.2 kPa, the axial stress was held constant for 25,000 s
in a manner identical to that employed in the creep test for the
granular roadbed described in the previous chapter.
The loading processes in the two types of cyclic loading
tests (Fig. 15), which differ in the loading mode, under the
drained condition were performed as follows. One is the multi-
ring shear test adopting a moving-wheel loading mode (ML-
multi-ring shear test), in which after the preparation of a test
specimen, both shear stress (τaθ) and axial stress (σa) in
sinusoidal waveforms as shown in Fig. 15(a) were cyclically
applied to the specimen. In a ML-multi-ring shear test, the
loading sequence of the loading wheel approaching from a
point at inﬁnity, passing and then moving away to another
point at inﬁnity was deﬁned as single loading cycle. The other
is the multi-ring shear test adopting a single-point loading
mode (SL-multi-ring shear test), with only axial stress (σa)
Table 3
Experimental conditions performed in multi-ring shear tests.
Test name State of specimena Initial dry density,
ρd0 (g/cm
3)
Axial stress
(σa)max (kPa)
Shear stress
(τaθ)max (kPa)
Loading speedb Loading timec
Monotonic shearing Air-dried 1.560 114.2 Maximum 0.1%/min –
Monotonic shearing Submerged 1.558 114.2 Maximum 0.1%/min –
Bearing capacity Air-dried 1.560 285.5 – 3.8 kPa/s –
Bearing capacity Submerged 1.560 285.5 – 3.8 kPa/s –
Creep Air-dried 1.560 114.2 – – 25,000 s
Creep Submerged 1.560 114.2 – – 25,000 s
Moving-wheel loading Air-dried 1.571 114.2 30.0 0.02 Hz 200 cycles
Moving-wheel loading Air-dried 1.581 114.2 15.0 0.02 Hz 200 cycles
Moving-wheel loading Air-dried 1.557 80.0 30.0 0.02 Hz 200 cycles
Moving-wheel loading Submerged 1.570 114.2 30.0 0.02 Hz 200 cycles
Moving-wheel loading Submerged 1.573 114.2 15.0 0.02 Hz 200 cycles
Moving-wheel loading Submerged 1.570 80.0 30.0 0.02 Hz 200 cycles
Single-point loading Air-dried 1.568 114.2 0 0.02 Hz 200 cycles
Single-point loading Air-dried 1.560 80.0 0 0.02 Hz 200 cycles
Single-point loading Submerged 1.560 114.2 0 0.02 Hz 200 cycles
Single-point loading Submerged 1.556 80.0 0 0.02 Hz 200 cycles
aAverage water content: w¼1.2% for air-dried condition, w¼23.8% for submerged condition.
bLoading rate for monotonic shearing and bearing capacity tests; loading frequency for moving-wheel and single-point loading tests.
cNumber of loading cycles for moving-wheel and single-point loading tests; duration for creep tests.
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ML-multi-ring shear test simulates the moving-wheel loading
test, and the SL-multi-ring shear test simulates the single-point
loading test. In both multi-ring shear tests, the number of
loading cycles (Nc) was 200 cycles, and the loading frequency
(f) of 0.02 Hz was selected by referring the experimental
conditions of the small scale model tests. The main difference
between the two tests is the presence or absence of the
principal stress axis rotation during the test. Note that the
waveforms of τaθ and σa are an imitation of the shear and
normal components estimated by performing the above-
mentioned multi-layered elastic analysis with GAMES as
shown in Fig. 5, and they are in good agreement with those
presented in the conventional research (Brown, 1996; Powrie
et al., 2008). Moreover, to simulate the loading pattern of the
small scale model tests, both types of multi-ring shear tests
employed stage loading at the preliminary stage of cyclic
loading.
After testing, the particle size distribution of each test
specimen was examined by sieve analysis to assess the degree
of particle breakage that a specimen underwent during the test.
However, particle breakage during multi-ring shear tests could
hardly be discerned for gravel regardless of loading methods.6. Behavior of base course material under various loading
methods
6.1. Behavior during monotonic loading tests
Fig. 16 shows the relationships of gravel under air-dried and
submerged conditions between shear stress (τaθ) and shear
strain (γaθ) in monotonic shear tests. For plots with the samestrain level, the shear strength of submerged gravel is a little
smaller than that of air-dried gravel. Also, Fig. 16 shows the
relations between shear stress (τaθ) and axial strain (εa). Here,
the change of εa means the volumetric change of the specimen
because both radial strain (εr) and circumference strain (εθ) are
zero at all times in the multi-ring shear test. In Fig. 16, the
volumetric change of gravel under shearing is altered from
compression to dilation at early stages of monotonic loading
regardless of the water content. However, the contraction
associated with negative dilatancy during shear in submerged
gravel is much larger than air-dried gravel. These results
indicate that water content has a considerable inﬂuence on the
deformation–strength characteristics of gravels in the multi-
ring shear tests. On the other hands, Fig. 17 shows the
relationships of axial stress (σa) against axial strain (εa) in
the bearing capacity tests for air-dried and submerged gravel.
Axial strain at loading and residual axial strain at unloading
increase with increasing axial stress, and for plots with the
same stress level, submerged gravel exhibits a greater axial
strain than the air-dried gravel irrespective of the stress level.
Besides, comparison between the results at the same axial
stress of monotonic shear tests and bearing capacity tests
indicates that axial load accompanied with shear load brings a
greater increase in axial strain as compared with axial load
alone. One of the reasons why submerged gravel exhibits
lower shear strength and lower bearing capacity than air-dried
one is that the shear strength of C-9.5 material is mainly
dependent on the internal friction angle which is strongly
inﬂuenced by the water content as discussed in Inam et al.
(2012). The increase in the water content results in the
decrease in the matric suction and the shear resistance at the
contact point between soil particles, thereby decreasing the
internal friction angle and degrading the shear strength.
Fig. 16. Comparison of shear behavior of C-9.5 under different water contents.
Fig. 17. Comparison of bearing capacity of C-9.5 under different water
contents.
Fig. 18. Comparison of creep behavior of granular roadbed under different
water contents.
Fig. 15. Loading conditions of multi-ring shear tests. (a) moving-wheel loading mode and (b) single-point loading mode.
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(εa) against loading time (t) in creep tests for air-dried and
submerged conditions. Note that the loading time (t) is
measured from the start of the test. Though axial strain tends
to increase with vertical stress under stage loading up to
σa¼114.2 kPa, the axial strain tends to converge over time
despite a slight increase at the initial part of constant loading
when the axial stress is held constant. Furthermore, the axial
strain of submerged gravel is larger than that of air-dried gravel
for plots with the same loading time, while little inﬂuence on
variation of εa with time due to a difference in water content
was observed.6.2. Behavior during cyclic loading tests
Figs. 19 and 20 show typical σa–εa relations of air-dried and
submerged gravels in a ML-multi-ring shear test and a
SL-multi-ring shear test, respectively. Irrespective of water
content, residual axial strain increases signiﬁcantly at the early
stages of cyclic loading with plasticity tending to be dominant,
but with the increment of loading cycles, the area of the
hysteresis loop decreases and the deformation characteristics
become elastic and constant. Besides, for plots with the same
loading cycle and the same stress level, the vertical strain for
submerged gravel is larger than that for air-dried gravel.
Moreover, Fig. 21 shows typical relations of air-dried and
submerged gravels between cumulative axial strain (εa)max and
(εa)min, which denote εa at the maximum and minimum axial
stress (σa)max and (σa)min for a single loading cycle, against
number of loading cycles Nc. Replacing experimental condi-
tions of a moving-wheel loading test on granular roadbed with
those of a ML-multi-ring shear test, the maximum axial stress
(σa)max may represent the maximum load where a loading
wheel is just above the soil specimen, and the minimum axial
stress (σa)min may represent the unloading state where the
wheel is far beyond the specimen. As the strain amplitude
((εa)max–(εa)min) is almost constant irrespective of Nc, the
increase of (εa)max mainly originates in the cyclic plastic
deformation of specimen in the same way as Fig. 10. Then,
when other experimental conditions except the water content
Fig. 19. Stress–strain relationship during cyclic loading in ML-multi-ring
shear tests of C-9.5. (a) air-dried condition (w=1.2%): (σa)max=114kPa,
(τaθ)max=30kPa and (b) submerged condition (w=23.8%): (σa)max=114kPa,
(τaθ)max=30kPa.
Fig. 20. Stress–strain relationship during cyclic loading in SL-multi-ring shear
tests of C-9.5. (a) air-dried condition (w=1.2%): (σa)max=114kPa,
(τaθ)max=0kPa and (b) submerged condition (w=23.8%): (σa)max=114kPa,
(τaθ)max=0kPa.
T. Ishikawa, S. Miura / Soils and Foundations 55 (2015) 242–257 253are the same, the cumulative permanent axial strain of
submerged gravel is much larger than the one for air-dried
gravel regardless of the loading mode. Also, compared to
SL-multi-ring shear tests, ML-multi-ring shear tests show
higher (εa)max, indicating a stronger effect of water content
on cyclic plastic deformation of gravel. Besides, comparison
with the creep test (Fig. 18) indicates that cyclic loading
accompanied with principal stress axis rotation has a greater
effect on the increase in cumulative permanent axial strain
than constant loading with the same loading time as cyclic
loading. These results resembles the trends observed in small
scale model tests.
Next, the applicability of the multi-ring shear tests to an
element test of granular roadbed subjected to moving wheel
loads was examined. Comparing model test results (Figs. 8–12)
and multi-ring shear test results (Figs. 17–21) under the same
loading conditions, the qualitative trends, as described above,
are practically the same irrespective of the loading mode, but
overall, the vertical strain is greater in the multi-ring shear test
than the small scale model tests. This is thought to be due
to non-uniform stress distribution in the depth direction of
model roadbed. For example, in the model test, as vertical
stress gradually spreads out with the depth from the roadbed
surface increased, the stress near subgrade surface becomes
smaller than the applied axial stress in the multi-ring shear test.
This difference in stress states between model tests and
laboratory element tests results in macro vertical strain of
model roadbed lower than axial strain of multi-ring shear test.
These results indicate that the cumulative axial strain obtained
from multi-ring shear tests approximately coincides with the
macro cumulative strain calculated from small scale model test
results not only but qualitatively also quantitatively, irrespec-
tive of the loading mode.
The above-mentioned results can be summarized as follows.
First, both the results of the model tests and the multi-ring
shear tests indicate that the difference in water content under
cyclic loading has a more signiﬁcant effect than under
monotonic loading, as was reported by Hachiya and
Akimoto (1999). Second, the inﬂuence of the water content
on the cyclic plastic deformation of granular roadbed becomes
more striking in both model tests and multi-ring shear tests
where vertical and shear stress are simultaneously applied with
moving loads, regardless of the loading method, while the
difference between the results under air-dried and submerged
conditions can hardly be distinguished in those with a single-
point loading mode where only vertical stress are applied.
Hence, the increase in water content of granular roadbed leads
to the development of residual settlement under cyclic loading,
a trend ampliﬁed by moving loads.6.3. Effect of principal stress axis rotation and water content
To evaluate the above-mentioned synergistic effect of
principal stress axis rotation and change in water content on
the cyclic plastic deformation characteristics of granular
material quantitatively, the (εa)max–Nc relations of cyclic
Fig. 21. Axial strain during cyclic loading in multi-ring shear tests of C-9.5 under different water contents. (a) moving-wheel loading mode and (b) single-point
loading mode.
Fig. 22. Settlement characteristics during cyclic loading in multi-ring shear tests of C-9.5. (a) coefﬁcient on initial settlement and (b) coefﬁcient on progressive
settlement.
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εað Þmax ¼ αNcβ ð1Þ
where the coefﬁcients α and β are considered to be the constants
related to the amount of initial settlement and the rate of
progressive settlement after the convergence of initial settle-
ment, respectively. Eq. (1) was obtained by the subgrade rutting
failure criteria shown in Eq. (2), which is used in the Japanese
pavement design manual (Japanese Road Association, 2006).
Nfs ¼ βs1 U 1:365 109 Uεc4:477 Uβs2
  ð2Þ
where Nfs is allowable number of equivalent 49 kN wheel loads
against rutting, εc is the compressive strain on the top layer of
the subgrade, βs1 and βs2 are the compensating rates based on
the actual situation of Japanese pavement structures. Fig. 22
shows the approximate values of α and β in ML-multi-ring shear
tests and SL-multi-ring shear tests on air-dried and submerged
gravels. Note that the coefﬁcients α and β in Eq. (1) were
determined by the Levenberg–Marquardt method (Bertsekas,
1995). According to Fig. 22, the following trends can be seen.● Both α and β for submerged gravel are larger than those of
air-dried gravel under same loading conditions, and both α
and β of the SL-multi-ring shear tests are much smaller than
those of the ML-multi-ring shear tests even if the maximum
axial stress (σa)max are the same.● In the ML-multi-ring shear tests with identical water
content, both α and β decrease with increasing (σa)max
under constant maximum shear stress (τaθ)max, whereas they
increase with increasing (τaθ)max under constant (σa)max.● In the SL-multi-ring shear tests with identical water content,
both α and β increase with increasing (σa)max, which is the
opposite trend to the results of the ML-multi-ring
shear tests.
On the other hand, Fig. 23 shows typical change in the
single amplitude of shear strain (γaθ)SA during cyclic loading in
the ML-multi-ring shear tests of air-dried and submerged
gravels. At the initial stage of cyclic loading, (γaθ)SA decreases
with the increment of Nc, and ﬁnally it tends to converge to a
constant value irrespective of the experimental conditions. For
plots under the same Nc, (γaθ)SA decreases with increasing axial
stress (σa)max from 80.0 kPa to 114.2 kPa, with decreasing
shear stress (τaθ)max from 30.0 kPa to 15.0 kPa, and with
decreasing water content from the submerged condition to the
air-dried condition. These trends of (γaθ)SA agree with the
above-mentioned trends of α and β in the ML-multi-ring shear
tests. Fig. 24, which depicts the relationships between (εa)max
and (γaθ)SA at Nc¼200 cycles in all multi-ring shear tests,
reveals that (εa)max increases with increasing (γaθ)SA irrespec-
tive of loading condition and water content, and that (εa)max
Fig. 23. Shear strain amplitude during cyclic loading in multi-ring shear tests
of C-9.5.
Fig. 24. Effects of shear strain on cumulative axial strain during cyclic loading
in multi-ring shear tests of C-9.5.
Fig. 25. Effect of principal stress axis rotation on shear strain amplitude in
multi-ring shear tests of C-9.5.
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the same. In contrast, the (εa)max of SL-multi-ring shear tests
increases with an increase in (σa)max though the shear stress
(τaθ)max is equal to zero, and this tendency is different from
that observed in the ML-multi-ring shear tests. These results
clearly indicate that the development of (εa)max during cyclic
loading is closely related to (γaθ)SA. Considering the contrac-
tion associated with negative dilatancy observed in monotonic
shear tests, it is assumed that the residual settlement in
ML-multi-ring shear tests is mainly caused by the shear
deformation of the specimen, whereas the residual settlement
in SL-multi-ring shear tests seems to be mainly caused by
compression. The difference in the increasing tendency of
(εa)max between the two types of cyclic loading tests seems to
originate in the difference in the main mechanisms of settle-
ment and deformation, which depends on the presence or
absence of principal stress axis rotation.
Fig. 25 shows the relationships between (γaθ)SA at Nc¼200
cycles and the rotational angle of principal stress axis (φ) in
ML-multi-ring shear tests. Here, φ value is calculated by using
coefﬁcient of earth pressure, axial stress and shear stress with
reference to Inam et al. (2012). In Fig. 25, (γaθ)SA increases
with an increase in φ, though the increasing tendencies under
different water content differ from each other. Besides, the
relationships between the coefﬁcients α and β, and the
rotational angle of principal stress axis (φ) are shown in
Fig. 26. It is recognized that α dramatically increases withincreasing φ regardless of the water content, while β gradually
increases with increasing φ along with the water content.
These results indicate that the cyclic plastic deformation of the
base course materials is strongly affected by shear accompa-
nied with principal stress axis rotation, and the effects depend
on the water content. Since the initial settlement of granular
materials is caused by both compression and shear deforma-
tion, the inﬂuence of water content on residual settlement
observed in shear deformation is weaker at the initial stage
during cyclic loading. This can be explained by the results of
the SL-multi-ring shear tests under different water contents. On
the other hand, since the progressive settlement after the
convergence of initial settlement may be mainly caused by
shear deformation, the inﬂuence of the water content is more
remarkable when the ratio of shear stress to axial stress
increases, in other words, the rotational angle of principal
stress axis increases. Therefore, it is important to take into
account the synergistic effects of the principal stress axis
rotation and the change in water content on the cyclic plastic
deformation characteristics of granular materials in accordance
with the ratio of shear stress to axial stress in case of heavy
cyclic loading.7. Conclusions
The synergistic effects of principal stress axis rotation and
change in water content on the mechanical behavior of
granular roadbed subjected to cyclic moving wheel loads were
investigated by small scale model tests and laboratory element
shear tests, which differ with regard to the loading method,
under the air-dried condition and the saturated condition. The
ﬁnding of this investigation can be summarized as follows:(a) Cumulative axial strain obtained from multi-ring shear
tests approximately coincides with the macro cumulative
strain calculated from load–displacement relationships in
small scale model tests not only qualitatively but also
quantitatively, irrespective of experimental conditions.
Accordingly, the multi-ring shear test is an effective
method for evaluating the mechanical properties of base
Fig. 26. Effects of principal stress axis rotation and water content on settlement characteristics during cyclic loading in multi-ring shear tests of C-9.5. (a) coefﬁcient
on initial settlement and (b) coefﬁcient on progressive settlement.
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(b) Submerged base course material exhibits lower shear
strength and bearing capacity than air-dried base course
material. Furthermore, the larger negative dilatancy noted
during shear for submerged gravel than that for air-dried
gravel results in considerable subsidence.(c) Due to saturation, there was an increase in the cyclic
plastic deformation of test specimens in both small scale
model tests and multi-ring shear tests, irrespective of the
presence or absence of principal stress axis rotation. In
case of moving-wheel loading, the inﬂuence of water
content on the development of residual settlement at the
granular roadbed under cyclic loading is ampliﬁed.(d) Difference in increasing tendency for residual settlement of
granular roadbed between cyclic moving-wheel loading
tests and cyclic single-point loading tests, seems to
originate in the difference in the main mechanisms of
settlement and deformation. In this case, the residual
settlement in the former tests is mainly caused by shear
deformation of the specimen, while that in the latter tests is
mainly caused by the compression.(e) Since the development of cumulative axial strain is closely
related to the shear strain amplitude during cyclic loading,
the cyclic plastic deformation of base course materials
is more remarkable when shear deformation is larger with
increasing water content in the granular roadbed.
In addition, the ratio of shear stress to axial stress increases;
in other words, the rotational angle of principal stress axis
increases.The multi-ring shear apparatus was shown to reliably
estimate the deformation behavior of granular base course
materials subjected to repeated moving wheel loads. A new
load-controlling method, which takes the ﬂuctuations in loads
and the rotation of principal stress axis into account, was
shown to reproduce the actual stress states inside granular
roadbed under moving wheel loads with remarkable accuracy.
In order to predict the long-term performance of transportation
infrastructures and evaluate the mechanical properties of thegranular roadbed under cyclic moving wheel loads, the results
of this study indicate that it is important to consider the
synergistic effects of principal stress axis rotation caused by
vehicle running and the change in water content due to rain,
etc. on the cyclic plastic deformation characteristics of granular
materials, in accordance with the ratio of shear stress to axial
stress. Since the ﬁndings of this research were obtained under
limited test conditions, further detailed study is needed to
assess the validity and applicability of the conclusions under
other experimental conditions involving different types of
granular material, pavement structures, water content and
loading conditions.Acknowledgments
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